Introduction
============

The standard of care for patients diagnosed with locally advanced pancreatic cancer is systemic chemotherapy. Still, only a minority (\<25%) of patients achieve any radiographic response, and the 5-year survival for all patients is \<5% [@B1], [@B2]. While new approaches to delivering cytotoxic chemotherapy are being explored, the absolute overall survival remains poor in these predominantly Kirsten RAS (KRAS)-activated pancreatic cancer patients and new therapies are needed [@B3].

Activating mutations in the KRAS onocogene are present in \>90% of pancreatic adenocarcinoma [@B4]. In an attempt to alter the course of this fatal disease, targeted small molecule drugs have been investigated to complement cytotoxic chemotherapy. For example, KRAS inhibitors, as well as inhibitors of associated kinases have been developed, including RAF, the mitogen-activated protein kinase (MAPK), the extracellular signal-regulated kinase (ERK), and the MAPK/ERK kinase (MEK) [@B5], [@B6]. Notably, recent studies have shown activating KRAS mutations may cause compensatory signaling changes that later abrogate the need for KRAS activation [@B7]. Combined small molecule therapies have also been studied, including inhibition of receptor tyrosine kinases (RTKs), such as fibroblast growth factor receptor (FGFR), with promising synthetic lethality in lung cancer models, though with modest results in pancreatic cancer models [@B8]. Furthermore, given the relatively low percentage of patients with "actionable" alterations in their cancers, trials to date have produced mixed results, underscoring the need for new treatment paradigms and strategies for selecting patients who are likely to respond to a given course of therapy [@B9], [@B10].

Identifying patients with potentially actionable somatic events that would lead to therapeutic response is difficult. While histopathological staining for tumor markers and genomic analysis all play a crucial role toward this end, neither accurately represent marker availability *in vivo*. For example, immunohistochemistry (IHC) may overestimate target accessibility because some stained targets are intracellular and unavailable to engage antibody-based therapies *in vivo*, resulting in a suboptimal selection of patients since antibodies usually target membrane domains of the antigen/receptors. Although TKIs can access intracellular targets, understanding whether their receptors are overexpressed, accessible, and contributing to oncogenesis *in vivo* may inform not only targeted therapy, but also treatment with biologic agents. A theranostic approach with molecular immunoPET can help begin answering some of these questions [@B11], [@B12].

The RTK hepatocyte growth factor (HGF) receptor, Met, is overexpressed in several malignancies, including cancers of the lung, breast, bladder, and pancreas [@B13], [@B14]. While normal ductal cells rarely express Met, it is over-expressed in up to 80% of invasive of PDAC. Furthermore, Met over-expression is associated with poor overall patient survival, and increased recurrence rates following surgery [@B15], [@B16]. Similarly, \>90% of PDAC cell lines exhibit high expression of cell-membrane Met [@B16]. Combined, these observations suggest that Met may be a useful therapeutic target in pancreatic cancer. Given reports of underwhelming responses to Met-inhibition in unselected populations, the value of patient selection cannot be overemphasized [@B9].

Because Met activates the KRAS pathway, we hypothesized that in cells that overexpress Met, combined blockade of the RAS pathway and Met would yield therapeutic synergy. This rationale was even specifically highlighted in previous reports on the interplay between Met signaling and KRAS mutant cancers [@B17]. Our findings, however, disproved this hypothesis. Herein lies the challenge of precision oncology: despite identification of overexpressed or constitutive activation of certain molecules in cancer, blockade of associated molecular pathways may be insufficient to yield therapeutic benefit [@B18]. A therapy that can exploit this over-expression independent of complex signaling is needed, and RLT is one option.

While Met expression is not predictive of response to Met targeted TKIs, we posit that detection and targeting of Met may have value as a theranostic tool to identify Met-expressing tumors that may respond to RLT. This opens an avenue in precision medicine where the "actionable mutation" biology (and evolution of resistance mutations/mechanisms) is less relevant as long as a molecular target can be identified and thus, therapeutically targeted.

The technology to engineer molecular imaging agents from biologic agents, peptides or small molecules in order to directly visualize both on-target and off-target localization in patients has been available for many years, but remains underutilized clinically, despite having the potential to provide insights into responses to therapy, including TKIs [@B19]-[@B23]. Successes of molecular imaging targeting prostate specific membrane antigen (PSMA) and its role in guiding standard as well as new treatments with RLT agents, including alpha-particle emitters, serve as a model for how such agents could be deployed [@B24]-[@B27].

Onartuzumab is a one-armed humanized monoclonal antibody that binds to the extracellular domain of Met, blocking HGF binding, receptor activation, dimerization, internalization, and limiting degradation or shedding of Met [@B28]. Onartuzumab also has a lower molecular weight (99 kDa) when compared with full-length antibodies (150 kDa), engendering it with comparatively faster blood clearance *in vivo* and yielding better signal to noise for imaging earlier following initial tracer injection. Accordingly, we used this antibody as a scaffold from which to build a Met selective immunoPET and RLT agent. To the best of our knowledge, no one has evaluated onartuzumab in KRAS-activated PDAC for either imaging or radiotherapeutic purposes [@B29]-[@B33].

Materials and Methods
=====================

Expression of Met in human cancers & in human pancreatic cancer cell lines
--------------------------------------------------------------------------

Previously published gene expression array datasets of tumors and matched normal tissue from patients were interrogated for differential expression of Met by combining tools from oncomine.org and evaluating original published data [@B34]-[@B41]. Kaplan-Meier curves were generated using data from pancreatic adenocarcinoma patients (n = 177) from The Cancer Genome Atlas (TCGA). Clinical data were downloaded from the National Institutes of Health Genomic Data Commons Data Portal, and Met mRNA levels from pancreatic adenocarcinoma patients were downloaded from cBioPortal ([www.cbioportal.org](http://www.cbioportal.org)). The datasets were parsed with an in-house MATLAB script to stratify the patient population into two groups (n = 44) containing patients exhibiting Met expression levels in the top or bottom 25-percentile of the entire patient cohort. Survival time for each patient was extracted from the clinical data set, and Kaplan-Meier curves were generated for each group. To explore expression levels of Met in human cancer cell lines, we obtained Affymetrix HG-U133 chip-based microarray data from the Broad-Novartis Cancer Cell Line Encyclopedia (CCLE) website containing Robust Multi-array Average (RMA) normalized mRNA expression data with Affymetrix annotations across 1457 human cancer cell lines [@B42]. The data were parsed with an in-house MATLAB script to extract upstream (MET, HGF) and downstream (MAPK1, MAPK3, AKT1, AKT2, and AKT3) mRNA expression values across 44 different human pancreatic cancer cell lines, and values annotated as \'Absent\' were omitted. For genes with multiple reads on the Affymetrix Chip (MET, HGF, MAPK1, AKT2, and AKT3), the geometric mean of all expression values for a given gene was computed and used for subsequent calculations. Z-scores were calculated for ease of comparison across the genes of interest.

Cell Lines and Patient Samples
------------------------------

PDAC (BxPC3, Suit2, Capan2, and MIA PaCa-2) cell lines were purchased from ATCC (Manassas, VA) and were grown according to standard procedures. All media were purchased from the Media Preparation Facility at Memorial Sloan Kettering Cancer Center (MSKCC). All cell lines were mycoplasma free and maintained at 37 °C in a humidified atmosphere at 5% CO~2~. Cell lines were authenticated at MSKCC integrated genomics operation core using short tandem repeat analysis, and used within passage number 15. Deidentified patient non-tumor and pancreatic cancer samples were obtained from David M. Rubenstein Center for Pancreatic Cancer Research following institutional review board (IRB) approval.

Flow cytometry
--------------

Onartuzumab was produced and provided by Genentech (San Francisco, CA). Approximately 10 × 10^6^ cells of each PDAC line were harvested, and washed with ice-cold phosphate buffered saline (PBS) three times. Cell pellets were resuspended in FcR block (1:5 final dilution) (Miltenyi Biotec, Bergisch Gladbach, Germany) and incubated for 30 minutes on ice. Cell suspensions were then split into multiple groups, stained with fluorescently labeled onartuzumab (3µg/mL), fluorescently-labeled non-specific IgG (3µg/mL), or incubated without antibody for 30 minutes on ice. Following incubation, cells were washed with ice cold buffer (PBS, 2% FCS, 0.1% sodium azide, 1 mM ethylenediaminetetraacetic acid (EDTA)) three times [@B34]. DAPI (Sigma-Aldrich, St. Louis, MO) was added prior to assaying samples. Single color controls were made and results were analyzed with FlowJo software (FlowJo LLC, Ashland, Oregon).

Biotin Pull Down of Cell-Surface Proteins
-----------------------------------------

For biotin pull-down assays, cells were washed twice with ice-cold PBS buffer containing 0.5 mM magnesium chloride (MgCl~2~) and 1 mM calcium chloride (CaCl~2~). Cells were incubated with 0.5 mg/mL of EZ-LINK Sulfo-Biotin (Thermo Fisher Scientific) for 30 min at 4 °C with gentle rotation. The reaction was stopped by washing twice with 100 mM glycine (Thermo Fisher Scientific) in PBS containing 0.5 mM MgCl~2~ and 1 mM CaCl~2~. Cells were scraped in RIPA buffer \[RIPA buffer: 150 mM sodium chloride (NaCl), 50 mM Tris hydrochloride (Tris-HCl), pH 7.5, 5 mM ethylene glycol tetraacetic acid (EGTA), 1% Triton X-100, 0.5% sodium deoxycholate (DOC), 0.1% sodium dodecyl sulfate (SDS), 2 mM phenylmethanesulfonyl fluoride (PMSF), 2 mM iodoacetamide (IAD), and 1X protease inhibitor cocktail (Roche)\], lysates were centrifuged at 16,000 *g* for 10 min at 4°C, and supernatants were collected and assayed for protein concentration using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). A volume of 500 μL of RIPA buffer containing equal amount of proteins was incubated with NeutrAvidin Agarose Resins (Thermo Fisher Scientific) for 2 h at 4 °C with gentle rotation and washed three times with RIPA buffer before suspension in Laemmli buffer.

Western Blot Analysis
---------------------

Whole-protein extracts from cells were prepared after cell scraping in RIPA assay buffer, centrifugation, protein quantification, and denaturation in Laemmli buffer as described above. Cell-membrane protein extracts were prepared as previously described. Following electrophoresis and transfer to polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA), the blots were incubated in 5% (m/v) BSA in Tris-buffered saline buffer-Tween (TBS-T, Cell Signaling Technology, Danvers, MA) and probed with mouse anti β-actin 1:20,000 (Sigma-Aldrich, St. Louis, MO) and rabbit anti-Met 1:1000 (Abcam, Cambridge, MA). After washing, the membranes were incubated with IRDye^®^800CW anti-Rabbit or anti-Mouse IgG 1:15,000 (LI-COR Biosciences, Lincoln, NE) and imaged on the Odyssey Infrared Imaging System (LI-COR Biosciences) followed by densitometric analysis.

Radiolabeling onartuzumab
-------------------------

### Zr-89

Preparation of Zr-89 labeled onartuzumab (\[^89^Zr\]Zr-DFO-onartuzumab) was achieved in accordance with previously described methods, including conjugation of *p*-SCN-Bn-DFO (Macrocyclics, Plano, TX), purification, and subsequent radiolabeling [@B30], [@B43]-[@B47]. Briefly, Onartzumab stock buffer was exchanged with gel filtration columns into PBS (Sephadex G-25, PD10 desalting column; GE Healthcare, Chicago, IL) and pH adjusted to 8.5 with 1 M Na~2~CO~3~. *p*-SCN-Bn-DFO was added in a 6:1 ratio and incubated at 37 ºC for 90 minutes followed by purification via PD-10 column into PBS (pH 7.4). Then, Zr-89 oxalate in oxalic acid (1 M) was neutralized to pH 7.0-7.2, using Na~2~CO~3~ (1 M) followed by addition of the appropriate construct in PBS (pH 7.4). The mixture was incubated at room temperature for 60 minutes and monitored using radio-iTLC with silica-gel impregnated glass-microfiber paper strips (iTLC-SG, Varian, Lake Forest, CA), using a mobile phase of aqueous solution of EDTA (50 mM, pH 5.5), and analyzed using an AR-2000 (Bioscan Inc., Washington, DC). Upon satisfactory radiolabeling, the reaction was quenched by addition of the same EDTA solution (10-20 μL) and the labeled construct was purified using gel-filtration chromatography with 0.9% saline. Radiochemical purity was assessed by radio-iTLC as described above. The Zr-89 used was produced at MSKCC via the ^89^Y(*p*,*n*)^89^Zr transmutation reaction on a TR19/9 variable-beam energy cyclotron (Ebco Industries, Richmond, British Columbia, Canada) [@B48].

### Lu-177

Onartzumab stock buffer was exchanged with PD10 column into PBS and pH adjusted to 8.5 with 1 M Na~2~CO~3~. The bifunctional chelate, *p*-SCN-Bn-CHX-A\"-DTPA (Macrocyclics, Plano, TX), resuspended in DMSO, and reacted with onartuzumab at a 10:1 ratio and incubated at 37ºC for 90 minutes. The construct was purified with PD10 column using 200 mM ammonium acetate (pH=5.5) containing 6 mg/mL ascorbic acid buffer for radiolabeling. Lu-177 that was obtained from ITM Isotope Technologies (Garching, Germany) and was incubated with purified onartuzumab-CHX-A\'\' conjugate at 37ºC for 60 minutes. Labeling was monitored using radio-iTLC with silica-gel impregnated glass-microfiber paper strips (iTLC-SG, Varian, Lake Forest, CA, analyzed using an AR-2000, Bioscan Inc., Washington, DC), eluted with a mobile phase of aqueous solution of EDTA (50 mM, pH 5.5). The product was purified using PD10 column equilibrated with 6 mg/mL ascorbic acid in PBS (pH=7) adjusted with 1M Na~2~CO~3~. Radiochemical purity was assessed by radio-iTLC as described above.

Details of characterization of the bioconjugates and radioconjugates including mass spectrometry analysis, serum stability, and pharmacokinetic profiles are described fully in the **[Supplemental Information](#SM0){ref-type="supplementary-material"}**.

Immunoreactivity Measurements
-----------------------------

The immunoreactivity of the \[^89^Zr\]Zr-DFO-onartuzumab and \[^177^Lu\]Lu-DTPA-onartuzumab was determined using BxPC3, a human pancreatic cancer cell line which highly expresses Met, via a previously reported Lindmo method [@B49], [@B50]. Linear regression analysis of the background-corrected data was performed by plotting the ratio of the total to bound (total/bound) radioactivity against the inverse of the normalized cell concentration (1/normalized cell concentration).

Cell internalization assays
---------------------------

For the internalization assays with \[^89^Zr\]Zr-DFO-onartuzumab, cells were incubated with cell culture medium in the presence of 30 μg/mL (303 nM) \[^89^Zr\]Zr-DFO-onartuzumab for a total period of 8 h at 37 °C. For the fractionated experiments, 10 μg/mL \[^89^Zr\]Zr-DFO-onartuzumab was added every 3 h for a total of 8 h and extracts were collected at 3 h, 6 h and 8 h post-incubation. Control experiments were also performed by incubating the cells with unconjugated Zr-89, including both a fractionated dose (3 × 0.018 MBq/well of Zr-89) and single dose (0.054 MBq/well. Media containing non-cell-bound radiotracer was removed and the cells were washed twice with PBS. Cell surface-bound radiotracer was collected by cells incubated at 4 °C for 5 min in 0.2 M glycine buffer containing 0.15 M NaCl, 4 M urea at pH 2.5. Internalized fraction was obtained after cell lysis with 1 M sodium hydroxide (NaOH). All samples were measured on a gamma counter calibrated for Zr-89.

Murine subcutaneous & orthotopic xenograft models
-------------------------------------------------

All animal studies were conducted under IACUC approved protocols and in accordance with the Guide for the Care and Use of Laboratory Animals. Female athymic homozygous nude mice, strain Crl:NU(NCr)-Foxn1^nu^ (Charles River Laboratories, Wilmington, MA), age between 6-8 weeks, were subcutaneously xenografted with 5 × 10^6^ BxPC3, Capan 2, Suit 2, MIA PaCa-2 cells, suspended in 150 μL of a solution containing a 1:1 (v/v) mixture of Matrigel (Corning, Corning, NY) and cell suspension. Tumors were grown to a size of approximately 150-200 mm^3^ post implantation before imaging.

To better recreate tumor microenvironment barriers (e.g. collagen matrix) commonly observed in *de novo* pancreatic cancers, we also evaluated our probe localization in the orthotopic xenograft models using BxPC3, Capan 2, Suit 2, MIA PaCa-2 cells as previously described [@B51].

PET imaging
-----------

For experiments with the subcutaneous xenograft model, mice (n = 5) were administered either 25-fold mass excess of unlabeled onartuzumab 48 h prior to injection of \[^89^Zr\]Zr-DFO-onartuzumab \[1.8-2.7 MBq (50-72 μCi), 15μg \] (blocking group), or only \[^89^Zr\]Zr-DFO-onartuzumab \[1.8-2.7 MBq (50-72 μCi), 15μg\] via the lateral tail vein. Static scans (n=2) were recorded at the 24 h, 48 h, 72 h, and 120 h with a minimum of 12 million coincident events (8-25 min total scan time). Images were recorded on a microPET Focus scanner (Concorde Microsystems, Knoxville, Tennessee) as previously described [@B44], [@B45]. All of the resulting images were analyzed using ASIPro VM software.

PET/CT
------

Orthotopically engrafted mice (n = 3) were administered \[^89^Zr\]Zr-DFO-onartuzumab \[1.8-2.7 MBq (50-72 μCi), 15 μg\], via tail vein injection and images were acquired at 24 h, and 120 h. Static scans were recorded on an Inveon PET/CT scanner (Siemens Healthcare Global) at the various time points with a minimum of 30 million coincident events (10-30 min total scan time). Data sorting, reconstruction, and normalization were performed as previously reported [@B44], [@B45]. Combined PET/CT images were processed using Inveon Research Workplace software and optimized to show localization of the PET signal.

Biodistribution studies \[^89^Zr\]Zr-DFO-onartuzumab in BxPC3, and \[^177^Lu\]Lu-DTPA-onartuzumab
-------------------------------------------------------------------------------------------------

Biodistribution of \[^89^Zr\]Zr-DFO-onartuzumab was assessed in nu/nu athymic mice subcutaneously engrafted with BxPC3 tumors. Tumor volumes were measured with a Peira TM900 (Peira Scientific Instruments, Belgium) tumor measuring device and the mice were separated into five groups (n=4-5) with similar mean and median tumor volumes before being injected via the lateral tail vein (2.1±0.01 MBq, 56.0±1.6 μCi/15μg). Biodistribution studies were performed at 1, 24, 48, 72 and 120 h post-injection. In one cohort, blocking was achieved by injecting 25-fold excess mass of unlabeled onartuzumab 48 h prior to \[^89^Zr\]Zr-DFO-onartuzumab injection.

Biodistribution studies of \[^177^Lu\]Lu-DTPA-onartuzumab were performed in nu/nu athymic mice subcutaneously engrafted with BxPC3 and MIA PaCa-2. Animals were separated in to three groups (n=5) with similar tumor volumes and received \[^177^Lu\]Lu-DTPA-onartuzumab via tail vein (3.72±0.14 MBq, 100.6±3.9 μCi/15μg). Biodistribution studies were performed at 24, 48, and 120 h post-injection.

For both constructs, thirteen tissues including the tumor were collected. The mass of each organ was determined and the radioactivity of each sample was measured using a Wizard^2^ automatic gamma counter that was calibrated for the corresponding radioisotope, Zr-89 or Lu-177. A calibration curve that was generated from standards of known activity was used to convert counts into activity. The counts from each sample were decay and background corrected from the time of injection and the activity in each sample was converted to % ID/g by normalization to the total activity injected into the respective animal.

Autoradiography, Immunohistochemistry, and Immunofluorescence
-------------------------------------------------------------

Tumors of animals utilized for the biodistribution studies above were harvested, embedded in Tissue-Plus Optimal Cutting Temperature (OCT) compound (Scigen, Gardena, CA), and frozen on dry ice. Tissues were cut in a series of 10-μm sections. Autoradiography was performed as previously described [@B44]. Following autoradiography, sequential sections were submitted to the Molecular Cytology Core Facility at MSKCC for automated Met, and Ki-67 immunohistochemistry. Image analysis was performed with ImageJ (<https://imagej.nih.gov/ij/>) [@B52]. For immunofluorescence, fixation of normal and PDAC tissues was performed using acetone/methanol fixation buffer. The slides were then rehydrated in PBS for 10 min and blocked in 10% goat serum (Thermo Fisher Scientific) for 30 min at room temperature. The tissues were incubated overnight in a humidified box with anti-Met primary antibody (Abcam, Cambridge, MA, USA) 1:100, v:v in PBS containing 0.02% BSA). The slides were washed three times with PBS and then incubated with secondary antibody (Alexa Fluor 488-conjugated goat anti-Rb 1:300, Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at room temperature. Cell nucleus staining was then performed using DAPI and the slides were washed and mounted in glycergel (Agilent Technologies, Santa Clara, CA, USA). Anti-human 1-10 ug/mL Alexa Fluor 488 was used for binding to onartuzumab antibody.

Radioimmunotherapy with \[^177^Lu\]Lu-DTPA-onartuzumab
------------------------------------------------------

Mice were subcutaneously engrafted with either BxPC3 (high Met expressing) or MIA PaCa-2 (low Met expressing) and tumors allowed to grow to \~150mm^3^ prior to randomization into groups (n=10). Groups were treated with (1) saline, (2) \[^177^Lu\]Lu-DTPA-onartuzumab 9.25 MBq(250μCi)/20 μg × 3 fractions (every three days), (3) 20μg onartuzumab × 3 (every three days). Animal tumor size, weight, and survival were monitored and animals were sacrificed if tumor volumes exceded 2000 mm^3^, or if they lost \>20% body weight.

Statistical Analysis
--------------------

Quantitations of results were performed with Prism software (Version 7.0, GraphPad software, La Jolla, CA). An unpaired, two-tailed Student\'s t-test was used to analyze the data. Survival analysis determined with Mantel-Cox log-rank test. In all cases, a 95% confidence level (P \< 0.05) was considered to represent a statistical difference in the data. Graphically, p\<0.05 = \*, p\<0.01= \*\*, p\<0.0005 = \*\*\*, p\<0.0001 = \*\*\*\*, NS: not significant, p \>0.05).

Results
=======

Met is overexpressed in several cancer types, including pancreatic cancers
--------------------------------------------------------------------------

To determine Met expression in tumor vs. normal tissues, we first explored Met expression in a panel of tumor tissues (**Figure [1](#F1){ref-type="fig"}**). Using the cancer microarray database Oncomine across matched tumor and normal gene expression datasets, we confirmed amplification of Met in several pancreatic cancer patient datasets (denoted by the first author of the relevant publication) (**Figure [1](#F1){ref-type="fig"}A, top**). Analysis of pancreatic cancer data from The Cancer Genome Atlas (TCGA) demonstrates that Met expression is associated with unfavorable survival in patients with pancreatic adenocarcinoma (**Figure [1](#F1){ref-type="fig"}A, bottom**). Immunofluorescence studies in PDAC primary patient samples demonstrated higher expression in tumor tissue when compared with matched normal pancreas tissue (**Figure [1](#F1){ref-type="fig"}B**).

KRAS-driven pancreatic cancer cells overexpress Met and are resistant to small molecule inhibition
--------------------------------------------------------------------------------------------------

Gene expression data from the cancer cell line encyclopedia (CCLE) assessing global Met expression along with its ligand, HGF, and other downstream kinases (MAPK1, AKT2, and AKT3) supported high Met expression in pancreatic cancer cell lines (**Figure [1](#F1){ref-type="fig"}C**). Together, these findings suggest the importance of Met and its downstream targets in pancreatic cancer. BxPC3, Capan2, and Suit2 pancreatic cancer cells exhibited high Met expression (**Figure [1](#F1){ref-type="fig"}B, D**). In contrast, MIA PaCa-2 pancreatic cancer cells demonstrated low expression of cell-membrane Met (**Figure [1](#F1){ref-type="fig"}C, D**). Results from flow cytometry with fluorescently-labeled onartuzumab (**Figure [1](#F1){ref-type="fig"}D**) incubated with the BxPC3, Capan2, Suit2, and MIA PaCa-2 PDAC cell lines were consistent with the expression data from CCLE (**Figure [1](#F1){ref-type="fig"}C, D**). Notably, these four cell lines exhibit mutational status common in PDAC including KRAS, TP53, p16/CDKN2A, SMAD4 (**Figure [1](#F1){ref-type="fig"}D**). While BxPC3 is KRAS wildtype, it harbors an activating BRAF mutation, making it functionally KRAS pathway-activated.

Given that PDAC overexpresses Met, we sought to determine the sensitivity of pancreatic cancer cells to Met-directed kinase inhibition. PDAC cell lines exhibit micromolar sensitivity to kinase inhibitors with activity to several kinases (crizotinib, cabozantinib), but are refractory to Met-specific inhibition (capmatinib/INC280) (**Table [1](#T1){ref-type="table"}, S1**). A moderate effect on cell viability was observed when PDAC cell lines were exposed to MEK1/2 inhibition with trametinib; however, no additive cytotoxic effect was observed when trametinib was combined with capmatinib/INC280 (**[Figure S1](#SM0){ref-type="supplementary-material"}D**).

Met-directed immunoPET identifies Met-expressing human pancreatic cancer *in vivo*
----------------------------------------------------------------------------------

Analysis of bioconjugates demonstrated 4.4 DFO and 0.44 DTPA per onartuzumab (**[Figure S2](#SM0){ref-type="supplementary-material"}A**), while serum stability and blood half-life studies suggested that our radioconugates would perform well *in vivo* (**[Figure S2](#SM0){ref-type="supplementary-material"}B,C**). To determine the ability of immunoPET to image Met-overexpressing pancreatic cancers, non-invasive imaging studies were performed in preclinical models of PDAC using \[^89^Zr\]Zr-DFO-onartuzumab. BxPC3 and MIA PaCa-2 exhibited the highest and lowest cell membrane Met levels, respectively (**Figure [1](#F1){ref-type="fig"}C**), and were therefore used for subsequent *in vivo* experiments. ^89^Zr-labeled onartuzumab allowed non-invasive tumor imaging in mice subcutaneously engrafted with BxPC3 **(Figure [2](#F2){ref-type="fig"}A)**. Notably, kidney accumulation was seen, which was comparable to prior studies with \[^89^Zr\]Zr-DFO-onartuzumab in other models, with corresponding increase in the group where Met was blocked with an excess of unlabeled antibody (8.45±1.3 versus 19.0±0.8 %ID/g, *p*=0.0004, n=4) (**Figure [2](#F2){ref-type="fig"}A, S3A,B**) [@B30], [@B33]. PET imaging and biodistribution studies confirmed *in vivo* target engagement in subcutaneously engrafted models. PET images with high contrast were obtained as early as 24h after injection of ^89^Zr-labeled onartuzumab in BxPC3 tumors, and correspondingly low accumulation was observed in MIA PaCa-2 tumors as predicted (**Figure [2](#F2){ref-type="fig"}B**). PET SUVmax quantitation across all time points corresponded with *in vitro* Met expression with higher signal obtained in BxPC3 (**Figure [2](#F2){ref-type="fig"}C, S3B**). To recapitulate some components of the microenvironment in human pancreatic cancer, we evaluated our tracer in an orthotopic setting and similar performance was observed (**Figure [2](#F2){ref-type="fig"}D, S3C**). Biodistribution studies of \[^89^Zr\]Zr-DFO-onartuzumab were also performed with varied mass of the antibody to gauge the optimal mass needed to administer before saturating available receptors at the tumor and, therefore, decreasing the tumor uptake and degrading the signal-to-noise. We determined that \< 25 μg of antibody would be optimal (**[Figure S3](#SM0){ref-type="supplementary-material"}A**).

Fractionated dosing of radioconjugate enriches for cell membrane available Met
------------------------------------------------------------------------------

Encouraged by our previous studies demonstrating that membrane dynamics need to be considered in imaging and therapy of membrane receptors, we performed *in vitro* studies interrogating Met cell membrane half-life [@B53]. BxPC3 cells showed that this receptor has a cell-membrane half-life of approximately 7h (**Fig. [3](#F3){ref-type="fig"}B**). Additionally, we observed that Met decreases at the cell membrane after 3h of incubation with 30 μg/mL of onartuzumab. A decrease in cell membrane Met is observed even after 6h of incubation, suggesting that the receptor has yet to cycle back to the membrane within this timeframe. Because onartuzumab binds to the extracellular domain of Met, we hypothesized that onartuzumab administration in a fractionated regimen (in the period of time where Met is being recycled back to the membrane) will increase its membrane targeting efficiency (**Figure [3](#F3){ref-type="fig"}B**). Indeed, a fractionated dose of onartuzumab (3 × 10 μg/mL) as illustrated in **Figure [3](#F3){ref-type="fig"}C** allowed Met recycling to the plasma membrane after a total incubation time of 6h (**Figure [3](#F3){ref-type="fig"}D**). Additionally, the amount of radiolabeled onartuzumab associated to cell membrane was higher in BxPC3 cells incubated with a fractionated dose than in cells incubated with a single dose (**Figure [3](#F3){ref-type="fig"}E**). We observed comparable results in the other PDAC cell lines (**[Figure S4](#SM0){ref-type="supplementary-material"}**).

Premised on our *in vitro* findings, we expected that a fractionated therapeutic protocol would allow for improved PDAC therapy using onartuzumab radiolabeled with the therapeutic radionuclide lutetium-177 (Lu-177). This hypothesis was supported by pilot *in vivo* therapy study in subcutaneous BxPC3 tumors performed with \[^177^Lu\]Lu-DTPA-onartuzumab RLT agent, which demonstrated a modest, but statistically significant decrease in tumor growth and overall survival benefit in the cohort of mice bearing BxPC3 tumors treated with three fractions (1.48 MBq(40μCi)/6.7μg × 3 administered at 3 day intervals) versus a single fraction (4.44 MBq(120μCi) /20μg × 1) (data not shown). These promising results prompted a more rigorous evaluation with subsequent experiments.

Fractionated, Met-directed therapy inhibits pancreatic cancer growth and improves overall survival
--------------------------------------------------------------------------------------------------

Cherenkov imaging, that is, detection of the naturally occurring luminescence of certain radioisotopes, confirmed significantly higher localization of \[^177^Lu\]Lu-DTPA-onartuzumab in animals bearing BxPC3 tumors compared with those bearing MIA PaCa-2 tumors (**[Figure S5](#SM0){ref-type="supplementary-material"}**). Autoradiographic evaluation of tumors 120h following injection with \[^177^Lu\]Lu-DTPA-onartuzumab demonstrated significantly higher activity in BxPC3 tumors, correlating with higher Met expression, and lower Ki-67 staining when compared with MIA PaCa-2 tumors, suggesting proliferative changes resulting from treatment with RLT (**Figure [4](#F4){ref-type="fig"}A**). Quantitative biodistribution showed rapid accumulation and persistence up to 120h post injection of the construct (**Figure [4](#F4){ref-type="fig"}B**, **C** and **Table [2](#T2){ref-type="table"}**).

Next, we considered whether exceeding the previously determined mass limit of \< 25 µg onartuzumab could allow us to localize higher therapeutic activity to tumors, especially given that *in vitro* data suggested that Met recycled back to the cell-membrane after a fractionated regimen of onartuzumab without blocking target engagement. Authors balanced the desire to fractionate doses whilst accounting for radioactive decay of therapeutic Lu-177, and decided to administer three doses of 9.25MBq (250 µCi)/20µg every 72h. Animals engrafted with BxPC3 tumors that were treated with 9.25 MBq(250 µCi)/20µg × 3 fractions exhibited a dramatic tumor growth delay and overall survival benefit as demonstrated in the spider plots of individual tumor growths (**Figure [5](#F5){ref-type="fig"}A**) as well as the combined mean (**Figure [5](#F5){ref-type="fig"}B**). Although less dramatic, we were surprised to observe a tumor growth delay and survival benefit in animals bearing MIA PaCa-2 tumors, suggesting that even with relatively low membrane-target availability (**Figure [2](#F2){ref-type="fig"}B**), if given at sufficient doses and schedule, RLT can have profound therapeutic effect. Notably, we were unable to control for enhanced permeability and retention (EPR) effect with a non-specific one-armed antibody because it was unavailable at the time studies were conducted.

Discussion
==========

While copy number increases (i.e. amplification) or activating mutations of Met are well-described predictors of response to Met-targeted kinase inhibitors, over-expression and epigenetic alterations might also be important in select cases [@B54]. Reports of a patient with KRAS mutant renal cell carcinoma showed a dramatic response to trametinib (MEK inhibitor) initially, and was found to have Met over-expression upon relapse, which was sensitive to treatment with crizotinib, an ALK and Met inhibitor [@B55]. In KRAS-mutant non-small cell lung cancer (NSCLC) treated with trametinib, Manchado *et al.* demonstrated a compensatory increase in fibroblast growth factor receptor 1 (FGFR1) causing adaptive drug resistance, which when abrogated genetically or pharmacologically, resulted in apparent synthetic lethality and dramatic therapeutic response *in vitro* and *in vivo*. Though not as extensively investigated as KRAS-mutant NSCLC models, promising results of combined trametinib/ponatinib therapy were reported in KRAS-mutant organoid-derived murine model of PDAC as well, suggesting a role for multidrug therapy [@B8]. Interestingly, while Met expression increases were noted in NSCLC cell lines following treatment with trametinib, authors reported lack of response to existing Met TKIs, consistent with a more complex mechanism. This lack of response could result from an interplay between several RTK classes, as was demonstrated by Sanchez-Vega *et al.,* who found that Met, HER2, and EGFR receptor dynamics affected response to pan-EGFR TKI, afatinib [@B11]. Others have demonstrated that abrogating KRAS activation via CRISPR/Cas9 has a limited effect on oncogenicity of PDAC lines due to compensatory signaling changes, further complicating therapeutic strategies for presumed KRAS driven tumors [@B7].

Our findings confirm that the over-expression of Met is a poor predictor for response to Met-directed TKIs in human PDAC lines, even in the presence of a MEK inhibitor to mitigate KRAS-pathway activation. These findings are in contrast to previous reports suggesting a therapeutic efficacy of Met inhibition in KRAS mutant tumors, albeit with TKIs that are more promiscuous than capmatinib [@B17]. Accordingly, harnessing a cell signaling-agnostic approach may prove useful for diagnosis and therapy.

Compounded with data demonstrating that PDAC cells respond only modestly to small molecule inhibition alone or in combination with other small molecule inhibitors, we were surprised to observe a significant and durable local response as well as a survival benefit by delivering cytotoxic radionuclides to tumors expressing both high and relatively low surface Met in our animal studies. Of equal importance was the ability of our imaging probe, \[^89^Zr\]Zr-DFO-onartuzumab, to predict the therapeutic response, that is, tumors with higher SUVmax demonstrated a more durable response to \[^177^Lu\]Lu-DTPA-onartuzumab. While the durability of response was more pronounced in the animals treated with \[^177^Lu\]Lu-DTPA-onartuzumab harboring BxPC3 tumors, which have high Met expression, animals engrafted with MIA PaCa-2 cells, which have low expression of Met, also exhibited a benefit when treated with our RLT agent. The tumor growth delay and overall survival benefit observed in MIA PaCa-2 cells after administration of a fractionated dose likely reflects a combination of the enhanced permeability and retention effect, non-zero Met expression levels, receptor recycling, and higher radiosensitivity of MIA PaCa-2 compared with BxPC3. Notably, clonogenic assays performed by Souchek *et al.* and Milanovic *et al.* determined that MIA PaCa-2 is an order of magnitude more radiosensitive compared to BxPC3 (surviving fractions of 0.01 and 0.1, respectively, assessed 72 h after 7Gy under similar conditions, for example) [@B56], [@B57]. Authors also note that, despite randomizing animals to groups such that the mean tumor volumes were comparable prior to treatment administration (BxPC3 = 100±40.5 mm^3^ and MIAPaCa-2 = 150±68.4 mm^3^), four animals in the BxPC3 and one animal in the MIA PaCa-2 saline treatment groups demonstrated tumor regression, which represents a limitation of the models used in our study. Since we could not definitively confirm that animals with tumor regression in the treatment arms were primarily due to our treatment, authors decided to include these animals in the final analyses. That said, inclusion of these animals would bias the results against the efficacy of our RLT and the fact that we observed significant local control and survival benefits despite this handicap speaks to the promise of RLT as a modality.

Although Met is overexpressed in pancreatic cancer cells, the cell membrane presence of Met is highly dynamic, which contributes to its short membrane half-life [@B58]. Furthermore, an increase in the internalization and degradation and/or inhibition of Met trafficking from the intracellular compartment to the plasma membrane may also affect its availability [@B59]. We have recently demonstrated that membrane dynamics of receptors (e.g. HER family members) need to be considered when selecting patients for antibody-based imaging and therapeutic approaches [@B53]. Given that the ability of radiolabeled onartuzumab to target cancer cells depends on membrane available Met, we looked to assess whether fractionated administration would alter the membrane availability of Met. Here, we demonstrate that membrane Met increases when radiolabeled onartuzumab was given in a fractionated approach and suggests a possible rationale for this dosing schema. An open question is the extent to which fractionated dosing of systemic radiotherapy improves therapeutic outcome. While our *in vitro* studies demonstrate a relatively short membrane half-life of Met (\<8h), and increased membrane Met when incubated with a fractionated dose of the radioligand, the kinetics of this cycling are more challenging to ascertain *in vivo*. The fact that we observed a local response and overall survival benefit, suggests that our treatment dose and schedule were within a favorable time-frame to engage Met on tumor cell membranes. It is possible that the relatively rapid recycling of the receptor may allow for more available binding for subsequent boluses of RLT, though to what extent the receptor dynamics *in vitro* mirror those *in vivo* is unclear. Studies to further characterize this effect as well as defining the mechanisms of RLT resistance are ongoing.

Clearly, deconvoluting the network of signaling cascades involved in oncogenesis of pancreatic and other cancers is crucial to our understanding of the biology that underpins these diseases. Further, it informs the development of targeted small molecule drugs and rational combinations therein. Nevertheless, it is important to highlight that our agent can achieve tumor control and survival benefit *in vivo* despite Met not being a key driver in this disease by exploiting its overrepresentation on tumor over normal tissues. Moreover, while over-expression of Met does not alone predict for response to anti-Met TKIs, immunoPET can assess *in vivo* expression, serving as an important companion imaging biomarker that predicts for therapeutic response to radioligand therapy. This strategy can be applied to not only other Met-expressing cancers specifically, but also may present a blueprint applicable to other differentially overexpressed surface tumor markers. In fact, two open Phase I trials listed on clinicaltrials.gov aim to do just that using, HuMab5B1, a monoclonal antibody specific to CA19.9, a well-known serum and tissue biomarker for pancreatic cancer: NCT02687230 (Zr-89 labeled HuMab-5B1, a.k.a. MVT-2163) and NCT03118349 (Lu-177 labeled HuMab-5B1, a.k.a. MVT-1075). While both trials include other CA19.9-positive malignancies, results will provide insights on how immunoPET could inform RLT more broadly.
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![**Several human cancers demonstrate over-expression of Met. A.** Analysis of previously published patient gene expression datasets using oncomine.org listing log2 median centered intensity values across several (note: first author of relevant manuscript used to denote individual study, N=normal tissue, C=cancer). Kaplan-Meier survival curve of TCGA pancreatic cancer patients with high Met (top 25%) and low Met (bottom 25%) expression (Log-rank (Mantel-Cox) test, p \<0.0001). **B.** patient matched normal pancreas (left) and pancreatic adenocarcinoma (right), and quantitation (ratio of green:blue, scale bar: 50μm). AU=arbitrary units is a ratio determined by measuring total of pixels positive for green (Met staining) versus total stain for blue (DAPI, cell nuclei). **C.** Heatmap denoting differential gene-expression of Met, HGF and downstream kinases for all pancreatic cancer cell lines in The Cancer Cell Line Encyclopedia, and, **D. (top panel)** focused heatmap of the cell lines used in the current study ("x"= null value on dataset). **D (middle panel)** Flow cytometry histograms confirming higher cell-membrane expression of Met in Capan 2, Suit 2, and BxPC3 when compared with MIA PaCa-2. **D (bottom panel)** Mutations present in four PDAC cell lines used in this study (note: while BxPC3 is RAS wildtype, it harbors an activating BRAF mutation). Error bars denote standard deviation (± s.d), p\<0.05 = \*, p\<0.01= \*\*, p\<0.0005 = \*\*\*, p\<0.0001 = \*\*\*\*, NS: not significant, p \>0.05).](thnov10p0151g001){#F1}

![**\[^89^Zr\]Zr-DFO-onartuzumab accumulates in tumors expressing Met *in vivo*. A.** Quantitative biodistribution of \[^89^Zr\]Zr-DFO-onartuzumab in mice subcutaneously engrafted with BxPC3 at varying time points post injection (p.i.) denoted as percent injected dose per gram (%ID/g). **B.** Representative coronal (top), axial slices (bottom), and maximum intensity projection (MIP) PET images mice subcutaneously engrafted with BxPC3 (Met high) and MIA PaCa 2 (Met low) and evaluated at 24, 48, 72, and 120 h post injection. **C.** Quantitation of PET derived tumor SUVmax images of human pancreatic cancer cell lines subcutaneously engrafted into mice evaluated at a times post injection (n=2 for each timepoint except at 120h where n=1): BxPC3 (24h: 9.48±0.66, 48h: 10.68±0.70, 72h: 10.89±0.49, 120h: 12.52), Capan2 (24h: 5.22±0.01, 48h: 6.33±0.06, 72h: 7.34±0.36, 120h: 7.42), and Suit2 (24h: 6.71±1.72, 48h: 7.18±0.15, 72h: 7.40±0.35, 120h: 7.19), when compared to MIA PaCa-2 (24h: 3.56±0.25, 48h: 2.69±0.45, 72h: 2.99±0.19, 120h: 3.2). **D.** Representative PET images of human pancreatic cancer cell lines orthotopically engrafted into mice evaluated at 24, and 120h post injection; coronal (top), axial (middle), MIP bottom. Error bars denote standard deviation (± s.d), p\<0.05 = \*, p\<0.01= \*\*, p\<0.0005 = \*\*\*, p\<0.0001 = \*\*\*\*, NS: not significant, p \>0.05).](thnov10p0151g002){#F2}

![**Cell-membrane Met increases with fractionated treatment with onartuzumab. A**.Western blot of biotinylated cell surface-associated Met along with Met and phosphor-Met input in the total lysates of Capan 2, BxPC3, Suit2 and MIA PaCa2 pancreatic cancer cells. BT, biotinylation. **B.** Western blot of biotinylated cell surface-associated Met along with Met input in the total lysates of BxPC3 after blocking protein synthesis with 80 μg/mL CHX for 0, 12, 24, 48, 72 and 96h. CHX, cyclohexamide. Half-life of cell surface-associated Met calculated after western blot analysis. Density of western blot bands was quantified by scanning densitometry with ImageJ software. Half-life was calculated as the time required for Met protein decrease to 50% of its initial level. **C**. Schematic representation of the experimental protocol using a total or a fractionated dose of onartuzumab. Total dose (Total)- cells are incubated for 6 h with 30 μg/mL onartuzumab. Fractionated dose (Fract.) - cells are incubated 3-times with 10 μg/mL onartuzumab every 3h. **D**. Western blot of biotinylated cell surface-associated Met along with β-actin in BxPC3 cancer cells after cells incubation with a total or a fractionated dose of onartuzumab. Cells were incubated with onartuzumab as illustrated in Fig. [2](#F2){ref-type="fig"}c and cell extracts were prepared at 3, 6 and 8 h post treatment. Veh= vehicle, F=fractionated, T=total. **E.** Cellular localization of \[^89^Zr\]Zr-DFO-onartuzumab in BxPC3 cells. BxPC3 cells were incubated with a total or a fractionated dose of \[^89^Zr\]Zr-DFO-onartuzumab as illustrated in Figure [2](#F2){ref-type="fig"}C and radioactivity was measured at 3, 6 and 8 h post treatment in supernatant, membrane and intracellular fractions.](thnov10p0151g003){#F3}

![**\[^177^Lu\]Lu-DTPA-onartuzumab accumulates in tumors expressing Met *in vivo*. A.** Representative autoradiographs, immunohistochemical staining for Met and Ki-67 of BxPC3 and MIA PaCa-2 tumors obtained at 120h post-injection (p.i.) of \[^177^Lu\]Lu-DTPA-onartuzumab (scale bar: 2000 μm). **B.** ex-vivo tissue biodistribution at 24, 48, 72, and 120h p.i. of \[^177^Lu\]Lu-DTPA-onartuzumab in animals engrafted with BxPC3 cells, and **C.** MIA PaCa-2 cells**.** AU=arbitrary units is a ratio determined by measuring total of pixels positive for given stain versus the total pixels contained within the tumor. Error bars denote standard deviation (± s.d) of measurement within the representative tumor section, p\<0.05 = \*, p\<0.01= \*\*, p\<0.0005 = \*\*\*, p\<0.0001 = \*\*\*\*, NS: not significant, p \>0.05).](thnov10p0151g004){#F4}

![**Targeting of cell-membrane Met with \[^177^Lu\]Lu-DTPA-onartuzumab results in significant tumor growth delay and overall survival improvement *in vivo*. A.** Spider plots of tumor volumes for BxPC3(n=10 per group) and MIA PaCa-2 (n=10 per group) bearing mice treated with \[^177^Lu\]Lu-DTPA-onartuzumab 9.25MBq (250µCi)/20µg × 3, every 3 days denoted by black arrowheads) compared with unmodified onartuzumab (20µg × 3, every three days), and saline controls. **B.** MIA PaCa-2 and BxPC3 tumor-engrafted animals demonstrate significant tumor growth delay and improved overall survival on Mantel-Cox log-rank analysis when treated Error bars denote standard error of the mean (± s.e.m), p\<0.05 = \*, p\<0.01= \*\*, p\<0.0005 = \*\*\*, p\<0.0001 = \*\*\*\*, NS: not significant, p \>0.05.](thnov10p0151g005){#F5}

###### 

Values for cytotoxic concentration (IC~50~, μM) of kinase inhibitors on human pancreatic cancer cell lines, BxPC3, Capan 2, Suit 2 and MIA PaCa-2.

  Cell line    Drug                  IC50~24h~ μM (95% CI)   IC50~48h~ μM (95% CI)     IC50~72h~ μM (95% CI)
  ------------ --------------------- ----------------------- ------------------------- -----------------------
  BxPC3        crizotinib            15.60 (10.03 - 25.28)   0.005 (indeterminate)\*   7.01 (4.67 - 10.29)
               cabozantinib          18.99 (13.95 - 27.12)   17.33 (12.08 - 27.05)     13.76 (9.97 - 19.35)
               Capmatinib (INC280)   indeterminate           indeterminate             indeterminate
  Capan 2      crizotinib            29.25 (26.22 - 32.26)   19.37 (? - 23.31)         12.08 (9.60 - 14.80)
               cabozantinib          indeterminate           38.20 (?- 66.08)          40.5 (29.90 - 93.93)
               capmatinib (INC280)   indeterminate           indeterminate             indeterminate
  Suit 2       crizotinib            18.97 (? - 24.03)       13.44 (8.438 - 19.89)     11.46 (9.868 - 13.27)
               cabozantinib          25.41 (19.81 - 36.70)   36.66 (26.00 - 63.36)     20.81 (14.10 - 36.80)
               capmatinib (INC280)   indeterminate           indeterminate             indeterminate
  MIA PaCa-2   crizotinib            indeterminate           10.14 (5.787 - 16.21)     6.41 (4.177 - 9.254)
               cabozantinib          indeterminate           indeterminate             14.30 (10.30 - 20.65)
               capmatinib (INC280)   indeterminate           indeterminate             indeterminate

IC50: concentration of kinase inhibitors required to reduce cell viability by 50% as compared to the control cells. CI: confidence interval. Estimated using non-linear fit variable slope four parameters, bottom=0, with Graphpad Prism. ? = not available due to poor curve fit. \*no range reported by software, suggesting poor fit and unreliable IC50 value. "?" represents no reportable value by software, suggesting poor fit and unreliable IC50 estimate.

###### 

*Ex vivo* analysis of \[^177^Lu\]DTPA-onartuzumab uptake in PDACs MIA PaCa2 and BxPC3 xenograft tumors as percent injected dose per gram tumor (%ID/g).

                  MIA PaCa-2 (%ID/g)   BxPC3 (%ID/g)   
  --------------- -------------------- --------------- ----------
  **24h p.i.**    8.85±0.4             29.9±14         p=0.03
  **48h p.i.**    11.8±2.1             40.5±7.9        p=0.0008
  **72h p.i.**    10.5±0.8             43.3±12         p=0.003
  **120h p.i.**   12.3±2.2             42.6±8.2        p=0.004

p.i.:post intravenous injection, PDAC: pancreatic ductal adenocarcinoma. Groups of 4-5 animals. p-value determined via two tailed t-test.
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